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ABSTRACT 

We consider gamma-ray bursts produced by the merger of a massive white dwarf 
with a neutron star. We show that these are likely to produce long-duration GRBs, in 
some cases definitely without an accompanying supernova, as observed recently. This 
class of burst would have a strong correlation with star formation, and occur close 
to the host galaxy. However rare members of the class need not be near star-forming 
regions, and could have any type of host galaxy. Thus a long-duration burst far from 
any star-forming region would also be a signature of this class. Estimates based on the 
existence of a known progenitor suggest that our proposed class may be an important 
contributor to the observed GRB rate. 
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1 INTRODUCTION 

There is now good reason to believe that a large fraction 
of gamma-ray bursts (GRBs) occur when rapidly-rotating 
massiv e stars end their lives and collapse to form black 
holes JWooslev fc BloomlEooil . In some cases this event 
is accompanied by a supernova explosio n iGalama et alJ 
Il998l: IStanek et alJl20o3 Ipian et al.lbo06lh The dynamical 
timescale of the collapsing core sets a lower limit to the GRB 
timescale, and suggests that such bursts must have long 
duration (> 2 s). Much of the recent rapid observational 
progress in this field comes from studying the afterglows 
which are thought to occur when matter expelled in the 
burst collides with its environment, which may well be mat- 
ter lost by the star at earlier times. This 'collapsar' picture 
naturally predicts a close association between long-duration 
GRBs and star formation, as is observed. In a collapsar the 
accretion energy release is probably accompanied by explo- 
sive nuclear burning, which may expel the outer layers of the 
star as a supernova. While these would be undetectable at 
high redshift, supernovae are indeed detected in most nearby 
long-duration bursts. 

GRBs with short (< 2 s) durations must instead involve 
the collapse or disruption of a much more compact object 
such as a neutron star. A plausible picture is the merger of 
a pair of neutron stars, or of a neutron s t ar and a black hole 
jGehrels et alj|2005t iBloom et al-lEooS iBerger et alJl2005i 
IJanka et al.lll999l : lPiranlll992tl . brought about by gravita- 
tional wave emission. Because the merger may be long de- 
layed after their formation, such systems are neither asso- 
ciated with supernovae nor with star formation. Indeed the 
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high space velocities they may acquire at the formation of 
one or both compact objects mean that many have travelled 
significant distances from their host galaxies before merg- 
ing. This in turn means that there is little matter around 
the merger, reducing the afterglow brightness and suggest- 
ing a generally harder radiation spectrum. This may also 
be the reason why short-duration bursts show no energy- 
dependent lag in their emission, whereas almost all long- 
duration bursts show a correlation between peak energy and 
time. This is usually interpreted in terms of a more relativis- 
tic outflow, corresponding to less matter along to rotation 
axis in a binary merger. A supernova explosion does not oc- 
cur in the merger picture of short GRBs, because the nuclear 
energy release per unit mass (only 6 x 10 18 erg g _1 even for 
hydrogen burning, and considerably less for heavier nuclei) 
is far smaller than accretion yield (> 10 20 erg g _1 ), which 
is also the amount needed to expel matter to infinity from 
the vicinity of the accreting neutron star or black hole. 

The current understanding of GRBs based on these two 
models thus arrives at a fairly straightforward dichotomy, 
in which long bursts are associated with star formation 
and sometimes with supernovae, and have bright afterglows, 
softer spectra and energy-dependent lags. By contrast short 
bursts should have no relation to recent star formation, be 
generally displaced from their hosts, and have no associ- 
ated supernovae, fainter afterglows, harder spectra, and no 
energy-dependent lags. 

While this picture has generally held up well, there are 
recent signs th at it may not be the entire story. In particular 
GRB 060614 llGal-Yam et alJl200d: iDella Valle et al.ll2006l : 
iFvnbo et alJl2006l) is long (~ 100 s), relatively nearby (red- 
shift z = 0.125), but has no evidence of any accompanying 
supernova, which would have to be more than 100 times 
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fainter than any ever observed. It also shows no energy- 
dependent time lag in its emission. 

Here we suggest that such long GRBs without super- 
novae or lags may be one possible result of the merger of 
a neutron star and a massive white dwarf. This class of 
GRB is the natural outcome of a known evolutionary chan- 
nel, which should contribute a significant fraction of long- 
duration bursts. The majority of these NS+WD mergers 
must be associated with star formation and lie close to the 
host, but a subset can occur in any type of host galaxy. Our 
proposed GRB channel may be very common, as the absence 
of a supernova can only be established in nearby bursts. 



2 MERGER MODELS FOR GRBS 

Were it not for its long duration (~ 100 s), GRB 060614 
would closely conform to the main expectations of the usual 
merger picture of short GRBs sketched above. We therefore 
re-examine such merger models. 

The basic ingredient of mergers is unstable mass trans- 
fer, i.e. the tidal lobe of the mass donor shrinks relative to 
that star's radius, as a direct consequence of mass transfer 
itself. This occurs typically when the donor/accretor mass 
ratio exceeds a critical value close to unity, and is a runaway 
process, which develops over a few times the orbital period 
P of the binary. A donor star fills its tidal lobe if and only 
if the orbital period is comparable with its dynamical time 
idyn ~ (R 3 /GM) 1/2 , where M,R are its mass and radius, 
so this is often called the dynamical instability, and it pro- 
duces typical peak mass transfer rates M ~ M/P. Much of 
the star is smashed up into a torus surrounding the accre- 
tor. From angular momentum conservation the torus has a 
similar scale to the pre-instability orbit, which is itself a few 
times the radius of the donor. The rate at which mass now 
lands on the NS or BH accretor is set by the torus. As this is 
self-gravitating and thus subject to nonaxisymmetric gravi- 
tational instabilities, the dynamical timescale is a reasonable 
estimate for the burst duration, as in a collapsar. 

However, dynamical instability is not confined to neu- 
tron star donors. A w hite dwarf donor is also subject t o 
the instabil ity (see e.g. Ivan den Heuvel fc Bonsemal lll984l) . 
iKind il988t) ~) if it has mass M w d > 0.66M accre t or . Since M w d 
cannot exceed the Chandrasekhar mass ~ 1.4Mq this re- 
quires iWaocietoi i$ 2.IM0, and suggests that the process 
is most likely with a neutron-star accretor. ( Note however 
that lo w-mass black holes may also be possible. iBrown et alJ 
( 1996) suggest that the high-mass X-ray binary 4U 1700-37 
may contain a black hole of ~ 2Mq.) For a neutron star ac- 
cretor mass I.4M0 we require M w d > O.9M0. A white dwarf 
has R ~ 10 9 cm, and fills its tidal lobe in a binary with pe- 
riod P ~ 10 s, the precise value depending on its mass. As 
before, the white dwarf is probably totally disrupted into a 
torus, this time with lengthscale ~ 10 9 cm. As this is if any- 
thing larger than the torus likely in the collapsar picture, 
one would expect a similar or longer dynamical time, and 
thus a long GRB. As argued previously for NS+NS mergers, 
supernovae are unlikely if most nuclear burning occurs near 
the neutron star, as the nuclear energy yield is far too low to 
expel matter, although we shall consider a possible excep- 
tion to this later. We conclude that the unstable merger of 



a massive white dwarf and a neutron star can produce long 
GRBs without accompanying supernovae. 

Several NS + massive WD binaries are known in the 
Galaxy, as the neutron stars can be detected as pulsars. 
The m ost promising object is PSR J1141-6545 llKaspi et alJ 
2000), which has a 5 hr orbit and will merge in about 
10 9 yr under the effect of gravitational radiation. Because 
the or bit is relativistic, th e masses are known to great pre- 
cision feailes et al J 12003?) as M wd = 0.986 ± 0.02M Q and 
M ns = 1.30 ± 0.02Mq. This firmly establishes the mass ra- 
tio as M w( j/Af na > 0.73, making dynamical instability and a 
GR B inevitable. 

iDavies et al.l i2002T) discuss the formation process for 
PSR J1141-6545 in detail. Starting from a pair of main se- 
quence stars, the more massive primary fills its Roche lobe 
as a giant and transfers its mass to the companion, which 
then becomes more massive than the primary was originally. 
The core of the primary becomes a massive white dwarf, 
while the companion is now massive enough to become a he- 
lium star. This star eventually fills its Roche lobe and trans- 
fers its envelope to the white dwarf at a high rate, causing 
most of it to be ejected from the binary, which shrinks. Ulti- 
mately the helium star explodes as a supernova, producing 
a neutron st ar in the requ i red ti ght orbit with the massive 
white dwarf. IDavies et alJ <l2002l) estimate a formation rate 
of 5 x 10~ 5 — 5 x 10~ 4 yr -1 for such systems in the Galaxy 
(their Fig. 8) and further show that over half of them merge 
within 10 8 yr, and 95% within a Hubble time (their Fig. 10). 

This suggests that such systems can indeed make a sig- 
nificant c ontribution to the gamma-ray burst rate in the 
Universe. IDavies et alJ (I2002T) also compute the distribution 
of supernova recoil kick velocities for these systems (their 
Fig. 9). A substantial fraction have relatively small velocities 
< 100 km s" 1 . This is promising for models of GRB 060614, 
as this and the merger timescale distribution suggest that in 
many cases the GRB must occur with the system still rela- 
tively close to the host galaxy, as observed for GRB 060614 
even though the host is a dwarf. Together with the high ini- 
tial merger rate (100 times higher in the first 10 s yr) this 
shows that NS + massive WD bursts must show a strong 
correlation with star formation, although the relatively rare 
later mergers would show no such correlation. 

We have mentioned that an accompanying supernova is 
unlikely if nuclear burning occurs close to the neutron star. 
The one possible escape from this conclusion would occur if 
it were possible to initiate burning at much larger distances. 
We note that since the merger contains no H or He such 
supernovae would automatically be of Type Ic, as indeed 
observed for GRB supernovae. However this possible super- 
nova mechanism is probably ruled out for white dwarfs suffi- 
ciently massive to have ONeMg rather than CO composition 
(Afwd > I.IMq), because neutrino energy losses through 
electro n capture (particularly on Mg) (see e.g lNomoto et ail 
lll979l) 'l prevent ex plosive burn i ng. 

We note that iFrver et all i 19991) suggested that NS + 
WD mergers might not produce GRBs. They reasoned that 
the neutron star might build up a spherically symmetric at- 
mosphere, which could make a spherical explosion from the 
surface baryon-rich, and therefore sub-relativistic. This is 
evidently a less serious problem for an explosion directed 
along the rotational axis, as is now usually assumed to be 
the case. A related question is whether the accretor survives 
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as a neutron star rather than collapsing to a black hole early 
in the hyperaccretion phase. The total mass ~ 2.3M0 of 
PSR J1141-6545 is lower than some th eoretical estimates 
of the maximum neutron-star mass (e.g. iKaloeera fc Bavml 
( 1996)) and probably less than the mass potentially reached 
by neutron stars in some low-mass X-ray binaries, but cal- 
culations of NS+NS mergers general l y lead to early collapse 
to a black hole fe.g. iRosswog et alJ (120031) '). The accretion 
yield on a neutron star is ~ 10%, comparable with all but the 
most rapidly-spinning black holes (42%). Evidently there is 
sufficient energy release to power a gamma-ray burst in both 
cases, but a late collapse to a black hole would presumably 
cause a second energeti c even t (similar to the supranova 
model of IVietri fc Stellal (I1999F) . where angular momentum 
loss rather than continued accretion drives the collapse). 
This is conceivably interesting in connectio n with the late 
flares seen in some GRBs, e.g. GRB 050502b ( B urrows et alJ 
2005)). One possible discriminant between the two cases 
might be the properties of the jets needed to make the 
gamma-rays, but we note that neutron- star X-ray binaries 
are ap parently able to make jets too (cf iMigliari fc Fended 
(2006])). 



3 CONCLUSIONS 

We have suggested that GRB 060614 is representative of 
a new class of gamma-ray burst in which a massive white 
dwarf merges with a neutron star. The characteristics of 
this class are clear. They are long-duration GRBs, in some 
cases definitely without an accompanying supernova, which 
may show some other features usually associated with short 
bursts, such as a lack of energy-dependent time lags and 
perhaps much weaker afterglows. 

As a class these bursts show a strong correlation with 
star formation, and occur close to the host galaxy. However 
rare members of the class need not so correlate, and can have 
any type of host galaxy. Thus a detection of a long-duration 
burst far from any star-forming might be a signature of one 
of these bursts. 

Our estimates based on PSR J1141-6545 suggest that 
this proposed type of GRB may provide an important frac- 
tion of the observed GRB rate. We note that the absence of 
a supernova can only be established in nearby bursts. 
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